Endometriosis is an estrogen (ER)-dependent gynecological disease caused by the growth of endometrial tissue at extrauterine sites. Current endocrine therapies address the estrogenic aspect of disease and offer some relief from pain but are associated with significant side effects. Immune dysfunction is also widely believed to be an underlying contributor to the pathogenesis of this disease. This study evaluated an inhibitor of c-Jun N-terminal kinase, bentamapimod (AS602801), which interrupts immune pathways, in 2 rodent endometriosis models. Treatment of nude mice bearing xenografts biopsied from women with endometriosis (BWE) with 30 mg/kg AS602801 caused 29% regression of lesion. Medroxyprogesterone acetate (MPA) or progesterone (PR) alone did not cause regression of BWE lesions, but combining 10 mg/kg AS602801 with MPA caused 38% lesion regression. In human endometrial organ cultures (from healthy women), treatment with AS602801 or MPA reduced matrix metalloproteinase-3 (MMP-3) release into culture medium. In organ cultures established with BWE, PR or MPA failed to inhibit MMP-3 secretion, whereas AS602801 alone or MPA þ AS602801 suppressed MMP-3 production. In an autologous rat endometriosis model, AS602801 caused 48% regression of lesions compared to GnRH antagonist Antide (84%). AS602801 reduced inflammatory cytokines in endometriotic lesions, while levels of cytokines in ipsilateral horns were unaffected. Furthermore, AS602801 enhanced natural killer cell activity, without apparent negative effects on uterus. These results indicate that bentamapimod induced regression of endometriotic lesions in endometriosis rodent animal models without suppressing ER action. c-Jun N-terminal kinase inhibition mediated a comprehensive reduction in cytokine secretion and moreover was able to overcome PR resistance.
Introduction
Endometriosis is characterized by the presence of endometrial tissue outside the uterine cavity that results in lesions containing glandular epithelium and stromal cells, macrophages, natural killer (NK) cells, and T lymphocytes. [1] [2] [3] Although most women experience retrograde menstruation causing introduction of endometrial fragments into the peritoneal cavity, endometriosis only develops in a proportion (5%-10%) of women. It is currently believed that external factors influence the response to this ectopic tissue in susceptible women, and the response does not effectively eliminate the adhered tissue from the peritoneal surface. Current hypotheses propose that over time (!9 months), lesions progress from a hormonedependent lesion to an endocrine-independent lesion, 4,5 and a subpopulation of cells undergo epithelial-mesenchymal transdifferentiation 6, 7 and over time develop perturbed gene expression patterns in response to progesterone (PR) or cyclic adenosine monophosphate. 8 As a result of endocrine resistance and moderate cellular differentiation, lesions become resistant to conventional steroidal-based treatments.
Currently approved treatments of endometriosis consist of hormonal therapy and/or nonsteroidal anti-inflammatory drugs (NSAIDs) and surgery. 9, 10 Among the hormonal therapies are combined oral contraceptives (combinations of estrogen [ER] and PR), PR only (norethindrone), ER antagonists (danazol), and GnRH agonists (Lupron). 9 Approved endocrine-based therapies all share as a common mechanism the disruption of ER production or action that also result in side effects associated with menopausal symptoms or increased androgenic effects. Approved anti-inflammatory drugs (NSAIDs; ibuprofen, naproxen, ketoprofen, and mefenamic acid) are used to reduce prostanoid synthesis and are prescribed in anticipation of pain associated with disease. 11 There is considerable evidence to suggest that the immune system is involved in the pathogenesis of endometriosis. 12, 13 The presence of ectopic endometrium in the peritoneum elicits classical inflammatory responses, including activation of peritoneal macrophages and increased cytokine production.
14 Elevated tumor necrosis factor a (TNF-a) levels in peritoneal fluid have been associated with upregulation of this cytokine production in peritoneal macrophages and peripheral monocytes and increased endometrial cell proliferation and adhesion. 15, 16 Recently, several approaches for suppressing circulating levels of TNF-a have been shown to cause regression of disease in a baboon model. Recombinant human TNF-a binding protein (TBP; onercept) was shown to reduce the size and severity of endometriotic lesions in a primate model of endometriosis. 17 Etanercept 18 and infliximab 19 have also been shown to cause regression of lesions in baboons with spontaneous or induced endometriosis. However, further development of molecules that neutralize circulating TNF-a for the treatment of endometriosis has proceeded cautiously due to the risk-to-benefit ratio for these agents in this disease. Therapeutic agents that neutralize circulating TNF-a levels have been demonstrated to increase the risk of infections in immune-compromised patients. 20 Stimulation of proinflammatory TNF-a receptor in endometriotic cell types leads to activation of kinase cascades. In endometriotic stromal cells, TNF-a stimulates ER receptor transcription via an extracellular signal-regulated kinase pathway, including c-Jun N-terminal kinase (JNK), and p38 protein kinases. 21 c-Jun N-terminal kinase inhibitors decreased generation of TNF-a following LPS stimulation, decreased inflammation score in collagen-induced arthritis, 22 and reduced proliferation of immune cells causing autoimmune inflammation in multiple sclerosis. 23 Furthermore, several intracellular kinases linked with JNK pathways were found elevated in 3 independent studies using microarray analysis of human lesions. [24] [25] [26] [27] Levels of c-Jun were found 1.5-fold higher in endometrium from women with endometriosis compared to unaffected women. 28 In the eutopic endometrium of patients, presence of phospho-JNK is elevated in endometrial endothelial cells. 29 In baboons, MKK7, MAPK9, as well as c-fos and JunD were also increased soon after establishment of disease and persisted over the course of disease. 5 In the endometriotic epithelial cell line 12Z, 30 TNF-a was shown to cause an increase in the expression of several matrix metalloproteinases (MMP), growth factors, and growth factor receptors. 31 The JNK inhibitor (SP600125) caused the most significant inhibition of 12Z cell motility without affecting cell viability. 31 So, there is a reasonable expectation that JNK inhibitors may interrupt immune cell or endometrial cell response to proinflammatory cytokine-mediated processes and effectively reduce the number of endometriotic lesions and associated pain. Bentamapimod (also coded as AS602801 or PGL5001; Figure 1 ) was developed during the course of drug discovery efforts for neurological diseases 22 including cerebral ischemia 32 and multiple sclerosis. 23 Based on its demonstrated efficacy to reduce motor neuron loss following induced ischemia and inflammation and that a recognized mechanism was through modulation of T-cell subtypes in animal models of multiple sclerosis, the efficacy of bentamapimod was evaluated in models of endometriosis, a disease characterized by pain associated with sensory nerve recruitment, inflammation, and T-cell involvement in the lesion. 33 Our primary goal of experiments employing bentamapimod and medroxyprogesterone acetate (MPA) was to demonstrate that bentamapimod had unique ability to induce regression of endometriosis and that MPA (an approved progestin for contraception) did not interfere with the action of bentamapimod in preclinical models. A secondary goal was to determine if bentamapimod and MPA complemented each other when delivered as a combination therapy. Our results show that bentamapimod caused regression of endometriosis in a nude mouse xenograft model of human disease and in an autologous rat model of endometriosis. Furthermore, our results suggest that bentamapimod treatment restores PR receptor function in endometriotic lesions established from biopsies obtained from women with the disease, and our results demonstrate that bentamapimod inhibition does not interrupt ER action on uterine size. A parallel manuscript with bentamapimod describes that it causes regression of lesions in baboons with experimentally induced endometriosis (Hussein et al, unpublished data).
Materials and Methods

Acquisition of Human Tissues
Biopsies of endometrial tissue from normal volunteers (BNV, n ¼ 4) were acquired by Pipelle (Unimar, Inc, Wilton, Connecticut) during the proliferative phase (days 9-12) of the menstrual cycle from a donor population (age 18-45 years) exhibiting normal menstrual cycles and no history of endometriosis. Endometrial tissues from women with surgically confirmed endometriosis (BWE, n ¼ 4) were also obtained by biopsy during the proliferative phase. An endometrial thickness !9 mm (confirmed by vaginal ultrasound) and a serum PR level 1.5 ng/mL were required for inclusion in this study. Individuals with a recent ( 3 months) history of hormone therapy (ie, oral contraceptives) were excluded. Biopsies were washed in prewarmed phenol-red free Dulbecco Modified Eagles Medium/Ham F-12 Medium (DME/F-12; Sigma, St. Louis, MO) to remove residual blood and mucous prior to culturing. Informed consent was obtained prior to biopsy, and the use of human tissues was approved by Vanderbilt University's Institutional Review Board and Committee for the Protection of Human Subjects.
Nude Mouse Model of Endometriosis
The model of endometriosis was performed as previously described. 34 Briefly, 5-week-old athymic (ncr/nude) ovariectomized mice (Harlan, Indinapolis, Indiana) were anesthetized with isoflurane (Henry Schein, Dublin, OH) and subcutaneously implanted with a silastic capsule containing 8 mg estradiol. Twenty-four hours later, mice received subcutaneous or intraperitoneal injection with a phosphate-buffered saline (PBS) suspension of 8 to 10 human endometrial tissue fragments/ mouse (biopsies obtained from volunteers or patients) on the ventral midline just below the umbilicus. For 24 hours immediately preceding injection, tissue fragments were established as organ cultures treated with 1 nmol/L estradiol, PR (Sigma, St. Louis, MO), or MPA (Sigma, St. Louis, MO). Oral administration of AS602801 (EMD Serono, Rockland, MA) was initiated 10 to 12 days following the injection of tissue. Progesterone was provided via a slow-release silastic capsule containing 25 mg PR, and MPA was given by twice-weekly injections (200 mg/kg) along the right flank using a tuberculin syringe. AS602801 was administered by gavage at a dose of 10 mg/kg and 30 mg/kg/ animal for 30 days. Following the completion of treatment, mice were again anesthetized and sacrificed by cervical dislocation for direct examination of lesion size and number. Uteri were measured and weighed, and excised lesions rapidly frozen for further analysis. Experiments described here were approved by the Vanderbilt University Instructional Animal Care and Use Committee in accordance with the Animal Welfare Act.
Proliferative Organ Culture Model
Endometrial biopsies were dissected into small cubes (*1 Â 1 mm 3 ), and 8 to 10 pieces of tissue per treatment group were suspended in tissue culture inserts. Organ cultures were maintained a total of 72 hours at 37 C in DME/F-12 media with serum supplements as described previously. 35 Tissue treatments included 17b-estradiol (E 2 ), E 2 plus PR, or E 2 plus MPA with and without AS602801. Cultures were maintained for 24 hours in E 2 only until the initiation of experimental conditions. AS602801 was used at a concentration of 5 or 15 mmol/L, and MPA was used at a concentration of 50, 100, or 250 mmol/L. Following termination of the experiment, media were collected and stored at À80
C until further analysis.
Western Blots
Media were collected from human endometrial organ cultures and secreted proteins quantified using the Coomassie Plus Protein Assay (Pierce, Grand Island, NY) and 20 mg total protein subjected to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Proteins were transferred to polyvinylidene difluoride membrane and blocked in PBS with 10% nonfat milk and 0.05% Tween-20. Blots were incubated overnight at 4 C in PBS/milk/Tween with a primary antibody recognizing human MMP-3 (mouse monoclonal; Oncogene Research Products, San Diego, CA), a marker for estrogenic effects in endometrial tissue. The blots were subsequently washed and incubated with secondary antibody (horseradish peroxidaseconjugated anti-mouse; Amersham, Pittsburgh, PA) for 1 hour. Proteins were visualized by chemiluminescence (Amersham, Pittsburgh, PA) and autoradiography. As a negative control, identical blots were incubated without a primary antibody.
Quantitative Real-Time Polymerase Chain Reaction
RNA was isolated from lesions retrieved from nude mice treated with vehicle or 10 mg/kg AS602801 using TRIzol (Invitrogen Life Technologies) according to the manufacturer's instructions. RNA was treated with DNase I (Qiagen, Valencia, CA) and followed with RNeasy kit (Qiagen, Valencia, CA) before complementary DNA (cDNA) synthesis. One microgram of total RNA was reverse transcribed using oligo-dT priming and the Superscript III First-strand cDNA synthesis kit (Invitrogen, Carlsbad, CA). The Reverse transcriptase (RT)-minus samples served as a control to exclude amplification from contaminating undigested genomic DNA. Complementary DNA corresponding to 100 ng of input RNA was amplified in duplicate with the TaqMan Universal PCR Master Mix on a custom TaqMan Low Density Array (Applied Biosystems, Foster City, California) as described earlier. 30 Real-time polymerase chain reaction was conducted with an ABI PRISM 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA). Differential target gene expression was calculated according to the 2-ddCT method, using hypoxanthine phosphoribosyltransferase 1 (HPRT1) as an endogenous control. Interarray reproducibility was proven by repeated measurements of control cDNA samples on 3 different arrays.
Autologous Experimentally Induced Endometriosis in Rats
Endometriosis was induced in rats as described earlier. 36 In brief, endometriosis was induced in rats by transplanting an autologous fragment of endometrial tissue onto the inner surface of the abdominal wall. Under pentobarbital (45 mg/kg) anesthesia, a distal segment 1 cm in length was resected from the right uterine horn and placed in PBS at 37 C. The other uterine horn was not manipulated. The uterine segment was opened by a longitudinal incision, and a 5 Â 5 mm section was transplanted without removing the myometrium onto the inner surface of the abdominal wall using 7/0 nonabsorbable silk suture at 4 corners. Another group of rats similarly had a fragment of 1 uterine horn removed, but a 5 Â 5 mm square of fat surrounding the uterus was transplanted (sham operated). One further group of rats, not undergoing any surgical procedure, was kept as a normal control group. Three weeks later, the animals were submitted to a second laparotomy (pretreatment laparotomy) to evaluate the size and viability of the ectopic endometrial tissue. The surface area of the engrafted tissue was measured using a caliper and recorded. The animals showing viable engraftments were stratified based on their size and assigned to the designated treatment groups. Treatment started after a 1-week recovery period. The control group received the vehicle only. AS602801 was administered orally twice a day (BID) at doses of 10, 30, and 60 mg/kg for 9 days, and Antide (gonadotropin-releasing hormone agonist agonist) was administered once by injection, similar to the study by D'Antonio et al. 36 At the designated sacrifice time point (2 days after the last treatment, ie, 36 days after surgical engraftment), the animals were anesthetised and the surface area of endometriosislike foci was measured for each animal.
The percentage variation versus pretreatment laparotomy value was calculated by the formula:
where x o is the size at the time of pretreatment laparotomy and x the size at the time of sacrifice. The mean value of percentage variation in each group was then computed. Data of percentage variation of engraftment size for experimental groups were analyzed by one-way analysis of variance, followed by Tukey test in order to evaluate the differences among treatment groups. Statistical analysis was performed using S-Plus 2000 (MathSoft, Inc, Seattle, Washington). The endometriotic implants were finally removed and stored in 10% formalin for histological evaluation. The endometriotic foci and contralateral uterine horns were collected for measuring cytokine concentrations. The endometriotic-like foci and spleen were removed for histology and for NK cell activity measurement, respectively.
Immunohistochemistry of Rat Tissues
Paraformaldehyde-fixed and paraffin-embedded endometriotic foci were sectioned at about 4 to 5 mm of thickness and deparaffinized/rehydrated for immunoperoxidase staining using a Vectastain ABC kit (Vector Laboratories, Burlingame, California). Briefly, antigen unmasking was performed by incubation in 10 mmol/L sodium citrate buffer (pH 6.0), and endogenous peroxidase was quenched with 1% H 2 O 2 for 10 minutes. Nonspecific immunoglobulin binding sites were blocked by incubating for 1 hour with normal goat serum, then sections were incubated with the primary antibodies anti-CD45 (30-F11; BD Pharmingen, San Diego, California), anti-phospho-c-Jun (Ser 73), and anti-total c-Jun (Cell Signaling Technology, Beverly, Massachusetts) overnight at 4 C. Sections were successively incubated for 30 minutes with a biotinylated secondary antibody solution followed by a 30-minute incubation with ABC reagent (Vectastain Elite ABC kit; Vector Laboratories). Immunoglobulin complexes were visualized by incubation with 3,3 0 -diaminobenzidine, then washed, counterstained with hematoxylin, cleared, dehydrated, mounted, and examined by light microscopy. Ten fields were observed for each sample. As negative control for the immunohistochemical staining, tissue sections were treated with normal serum instead of primary antibodies. For apoptotic cell detection, serial sections were stained with TUNEL reagents (In Situ Cell Death Detection, POD; Roche, Mannheim, Germany), according to the manufacturer's instructions.
Determination of Cytokine Levels
Endometriotic foci, ipsilateral, and contralateral uterine horns were snap frozen in liquid nitrogen and homogenized in cold PBS in the presence of protease inhibitor cocktail (Sigma, St Louis, Missouri). After sonication, lysates were centrifuged, protein concentration determined, and 100 mg of proteins used for cytokine level determination. Interferon (IFN)-g, TNF-a, interleukin (IL)-12p70, IL-10, IL-6, IL-5, IL-4, IL-2, and monocyte chemoattractant protein-1 (MCP-1) have been evaluated by flow cytometry with the Cytometric Bead Assay, according to the manufacturer's instructions (CBA inflammation and Th1/Th2 kit; BD Pharmingen, San Diego, CA).
Natural Killer Cell Cytotoxicity Assay
Spleen was removed aseptically from sham-operated, control, and treated rats. Spleen cells were gently teased apart in 50 mL PBS. Cytotoxicity of NK cells in splenocyte was determined using 51 Cr-release assay as described earlier 36 with YAC-1, a murine lymphoma cell line that is sensitive to NKcell cytotoxicity as the effector cell system. In brief, YAC-1 cells labeled with [
51 Cr]-sodium chromate were incubated with splenocytes at effector/target cell ratios of 40:1, 20:1, and 10:1. After 4-hour incubation at 37 C, 20 mL of the supernatant was transferred to a glass fiber filter, and the associated radioactivity was measured by a b-counter (LKB Pharmacia Wallac, Turku, Finland).
Results
The activity of bentamapimod in xenograft endometriosis experiments is summarized in Figure 2 . All animals bearing xenografts were treated with estradiol. Medroxyprogesterone acetate has been approved by the FDA for the management of pain in women with endometriosis, but MPA was unable to cause regression of lesions relative to estradiol-treated animals in experiments using BNV (Figure 2A) . Addition of bentamapimod (30 mg/kg) to estradiol þ MPA-treated animals reduced the number of lesions 21%, but this difference was not significant compared to estradiol-treated mice (Figure 2A ). On the other hand, PR caused 60% regression of BNV lesions as expected (Supplemental Figure 1 ; P < .05). Medroxyprogesterone acetate alone or in the presence of bentamapimod reduced uterine weight of the mice (Supplemental Figure 2 ; P < .05) consistent with its classic progestational effect on ER-primed mouse uterus but was without effect on the number of lesions. The effect of bentamapimod on lesion regression was next evaluated in the nude mouse model using BWE (laparoscopic diagnosis of endometriosis). On its own, bentamapimod had a weak effect on lesion regression (29% reduction at 30 mpk compared to E2 þ PR-treated animals, P < .05; not significant compared to E2 only, P > .1) that was not evident at lower doses (10 mg/kg; Figure 2B ). The modest response in BWE with the combination therapy of bentamapimod þ MPA (10 mpk þ MPA; 38%) was superior to the response obtained with PR (P < .05) but was not different from E2 alone. As expected, MPA had similar ability to decrease uterine weight in mice bearing lesions from BWE as in BNV (Supplemental Figure 3 ; P < .05).
The augmentation of lesion regression by the combination of MPA and bentamapimod was further evaluated in an endometrial organ culture in which MMP-3 has been validated as a marker for endometrial remodeling within lesions. Human endometrial organ cultures established from BNV produced detectable levels of MMP-3 when E 2 was present ( Figure 3A) , replicating previous observations in this culture system. 34 Similar to previous results with PR, addition of MPA at 50 or 250 nmol/L caused decreased production of MMP-3. Bentamapimod also caused decreased production of MMP-3, in the presence or absence of MPA. Human endometrial organ Mean # of Lesions/mouse * * Figure 2 . Regression of endometriotic lesions established in nude mice with biopsies from normal volunteers (BNV) or biopsies from women with endometriosis (BWE). A, Biopsies from normal volunteers (BNV) were prepared for injection to establish lesions; 10 days after disease was induced, treatments began. Estradiol was delivered by implants, and bentamapimod (JNKi) was administered orally. Medroxyprogesterone acetate (MPA) was delivered by twice-weekly injection as described in the Methods section. Results are mean + standard error from 2 independent experiments; n ¼ 3 to 4 mice/ group/experiment. B, Regression of endometriotic lesions established in nude mice with BWE. Results are mean + standard error from 2 to 4 independent experiments; n ¼ 3 to 4 mice/group/experiment. Asterisks represent analysis of variance (ANOVA) followed by Tukey test for comparisons with 17b-estradiol (E2) þ progesterone (PR) (P < .05). Comparisons with E2 alone were not significant (P > .1). cultures from BWE ( Figure 3B ) produced large amounts of MMP-3 in response to estradiol that were not reduced by the addition of PR or MPA. Markedly different from this PR resistance, bentamapimod (15 mmol/L) caused a dramatic reduction in MMP-3 levels. Moreover, combination of a subeffective concentration of bentamapimod (5 mmol/L) restored the concentration-dependent suppression of MMP-3 by MPA.
Human endometriotic-like lesions were recovered from the nude mice that had received biopsies from patients and had been exposed to vehicle or 10 mg/kg bentamapimod in vivo. Lesions from other bentamapimod-treated groups and combination therapy with MPA were too small for retrieval from all animals in the other treatment groups. The endometriotic-like lesions were pooled from 4 different experiments and evaluated for expression of mRNA corresponding to panels of inflammatory cytokine genes, tissue remodeling and angiogenesis, and steroid-related genes ( Figure 4A -C). Primers were selected based on evidence of gene expression modification in endometriotic lesions from previous reports and for the ability to amplify specifically human sequences. 35 Human-specific expression of 18 of the 22 selected genes could be detected, and their relative expression levels have been normalized to HPRT1 (+standard deviation). The expression of the respective genes in vehicle-treated mice is expressed as 1.0 and is depicted in the figure by a line. Levels of inflammatory cytokines (RANTES, GM-CSF, IL-8, TNF-a, and ICAM-1) were reduced by approximately 50% in bentamapimod-treated mice ( Figure 4A) . Similarly, levels of tissue remodeling enzymes and angiogenic growth factors were measured ( Figure 4B ), and MMP-9 and hepatocyte growth factor levels were reduced by 50% in JNK-I-treated mice compared to vehicle-treated mice. In these pooled samples, levels of estrogen and PR mRNA were not altered, whereas StAR and SF-1 were reduced by 50% ( Figure 4C ).
To extend our understanding of the utility of JNK inhibition for the treatment of endometriosis, we evaluated bentamapimod in a rat model of endometriosis in which the immune system remains competent. In this model, endometriotic foci in rats receiving the low dose of bentamapimod (10 mg/kg orally BID) were similar to vehicle, but at 30 and 60 mg/kg, significant regression of established endometriotic lesions was observed (48% regression at 60 mg/kg) compared to the control group, as well to the pretreatment control for each group ( Figure 5 ). Treatment with Antide caused 85% regression. This level of regression with bentamapimod is similar to regression obtained with soluble TBP in previous experiments in the rat model. 36 To confirm that bentamapimod effects were mediated by inhibition of JNK activity, sections of rat endometriotic lesions were stained for end points related to JNK and immune function ( Figure 6 ). Compared to control or Antide-treated rats, both total c-Jun (Figure 6A-C) and phospho-c-Jun staining ( Figure 6D -F) were decreased with bentamapimod treatment. The reduction in phospho-c-Jun was more dramatic ( Figure  6E ) in animals treated with bentamapimod than the change in total c-Jun ( Figure 6B ). Also apparent from these sections is the compaction of endometriotic stromal tissue in the presence of Antide, while no similar compaction occurs with bentamapimod treatment, indicating a lack of inhibition by bentamapimod on endogenous ER and PR support of endometrium. As expected, signs of apoptosis as measured by TUNEL staining were evident in sections from bentamapimod-treated uteri and Antide-treated uteri, relative to control ( Figure  6G-I) . However, TUNEL staining was more abundant in Antide-treated rats, relative to control or bentamapimodtreated rats. Lastly, CD45 staining, reflecting a broad marker for T and B lymphocytes, was suppressed by AS602801, whereas the presence of CD45 was unaffected by Antide treatment ( Figure 6L-N) . These results suggest that bentamapimod has potential to reduce the number of CD45þ lymphocytes recruited to lesions (perhaps through inhibition of phosphorylated c-Jun) or alternatively to reduce the presence of T or B cells present within lesions, through processes that could include apoptosis. These results confirm an effect of JNK inhibition on the inflammatory and/or immune responses to endometriosis and demonstrate that this effect occurs through a different mechanism than endocrine regulators such as Antide.
To further describe the effects of bentamapimod on immune modulation, and particularly at sites of inflammation, levels of 3 proinflammatory cytokines were measured in endometriotic foci and contralateral uterine horns and expressed as concentrations/100 mg of protein in the treated rats. Concentrations of all 3 cytokines were elevated in the endometriotic foci ( Figure 7A ), relative to concentrations of cytokines in the contralateral horn ( Figure 7B ). Treatment of rats with bentamapimod (30 mg/kg) reduced levels of IL-12p70, IFN-g, and MCP-1 (both 30 and 60 mg/kg doses) in the endometriotic foci. By comparison, there was no effect of bentamapimod on production of these cytokines in the contralateral uterine horn. These results suggest that bentamapimod inhibits an inflammatory response specifically at the site of the lesion without affecting uninvolved sites of the uteri in the same animal. This level of specificity for the treatment of endometriosis is distinctly novel compared to endocrine modulation of disease.
Natural killer cell cytotoxicity was further assessed in the animals. Cells from endometriotic animals showed reduced NK cell lytic activity compared to sham operated (42% vs 48%, respectively, at 10:1 effector to target ratio; Figure 8 ). On the other hand, bentamapimod treatment resulted in increased NK cell lytic activity compared to the endometriotic animals (59% vs 42%, respectively, at 10:1 effector to target ratio and 60% vs 39%, respectively, at 40:1 effector to target ratio; Figure 8) .
Discussion
Our studies demonstrate that kinase inhibitors selective for inhibition of JNK are potential new therapeutics for the treatment of endometriosis functioning independent of hormone regulation. These results suggest that endometriosis can be treated by release of the inhibiting effects of inflammation through cellular mechanisms proposed recently. 30, 37 It has been recognized that there is an immune contribution to establishment and progression of endometriosis. 38 A recent review by Bianco et al 39 summarizes the autoimmune basis for endometriosis and the multiple gene polymorphisms in proinflammatory pathways in patients with endometriosis. The involvement of TNF-a pathways in establishment and progression of endometriosis has been well demonstrated. Suppression of TNF-a with onercept, etanercept, or infliximab prevented establishment or induced regression of endometriotic lesions in rat and baboon models of disease. [17] [18] [19] 36 The JNK inhibitors decreased generation of TNF-a following LPS stimulation, decreased inflammation score in collageninduced arthritis, 22 and reduced proliferation of immune cells causing autoimmune inflammation in multiple sclerosis. 23 So, there is reasonable expectation that JNK inhibitors may interrupt immune cell or endometrial cell response to proinflammatory cytokine-mediated processes and effectively reduce the number of endometriotic lesions and associated pain.
Candidate endometriosis therapeutics with anti-inflammatory pharmacology profiled in preclinical studies have either failed in human clinical trials because of lack of efficacy in human disease (infliximab) 40 or have not progressed beyond early clinical trials for safety concerns (onercept). 41 Relative to the broad pharmacological response of soluble receptor or antibody inhibitors of TNF-a, bentamapimod demonstrates more discrete impact on intracellular inflammatory pathways and cytokines, at the site of inflammation. 37 Moreover, the inhibition of JNK regulates MMP expression, cellular adhesion, and motility 31 and has potential for more convenient treatments than the biologicals because they are orally active.
The purpose of the experiments reported here was to provide sufficient preclinical evidence for a role of bentamapimod for the treatment of endometriosis and to justify further analysis of bentamapimod in primate models of endometriosis as a bridge to human clinical trials. Medroxyprogesterone acetate was used in several experiments in this report because it is an approved medication for treating endometriosis. The JNK inhibitors interrupt inflammatory processes, and one could expect that the use of these inhibitors in women would require simultaneous contraception while on therapy. Our primary goal of experiments using MPA was to demonstrate that MPA (also approved progestin for contraception) did not interfere with the action of bentamapimod in preclinical models. A secondary goal was to determine if bentamapimod and MPA complemented each other when delivered as a combination therapy. Our results suggest that the efficacy of bentamapimod treatment is complemented by PR receptor ligand, MPA, and bentamapimod restores PR receptor function in endometriotic lesions established from biopsies obtained from women with disease. Furthermore, our results demonstrate that bentamapimod does not interrupt ER action on uterine size.
Our results in nude mice suggest that the response to bentamapimod alone or in combination with MPA differed among mice bearing lesions established from BWE compared to mice with lesions from biopsies of normal women. Progesterone resistance is commonly observed in women with endometriosis. 42 Previous studies in nude mice demonstrated PR resistance in animals with BWE. 34 In these animals, bentamapimod was able to overcome PR resistance and reduce the disease burden either alone or in the presence of MPA. This was . Bentamapimod at both 30 mg/kg twice daily (BID) and 60 mg/kg BID causes regression of surgically induced autologous endometriotic-like foci in rats. Uterine segments from each rat were used to establish lesions. Three weeks later, animals with confirmed endometriotic foci were assigned to treatment groups. A sham-treated group received autologous uterine segment removal and adipose transplant near the uterus; they did not develop lesions (not shown). Bentamapimod (AS-01; orally) was administered BID for 9 days, and Antide (subcutaneous injection) was delivered as a single injection. Data are mean + standard error of the mean (SEM), **P < .05, ***P < .01, analysis of variance (ANOVA) followed by Tukey test.
further demonstrated in the organ culture of BWE; PR or MPA had no effect on MMP-3 production, a hallmark for PR resistance, whereas bentamapimod was quite effective in reversing the effect. In endometriotic tissue, PR is incapable of inducing epithelial HSD17B2 expression due to the very low levels of PR in endometriotic tissue. 43 In the present study, gene expression analysis of the endometriotic lesions following bentamapimod treatment showed no change in the expression of PR and ER, although expression of StAR, SF1, and aromatase was reduced. Further expression of mRNA for several inflammatory cytokine was suppressed by JNK inhibition compared to control in the lesion of nude mice. Inhibition of JNK activity with SP600125 in their stromal cell cultures decreased production of inflammatory cytokine IL-8.
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From our previous experience with TBP (onercept), 64% inhibition of endometriotic foci in the rat model 36 translated into significant reductions in lesions in the baboon model, comparable to GnRH-mediated endocrine suppression. 17 Therefore, 50% decrease in lesion size by bentamapimod in the rat model is a reasonable predictor of a clinically meaningful response in baboons and ultimately in humans. As another measure of efficacy in the rat model, we also measured changes in inflammatory cytokines in the endometriotic foci and contralateral uterine horns. In the foci, bentamapimod reduced concentrations of IL-12, IFN-g, and MCP-1; IL-12 and MCP-1 have been reported to be elevated in peritoneal fluid of women with endometriosis. 44, 45 The absence of this suppression by bentamapimod in the contralateral horn, distal from the inflamed site, is remarkable for an endometriosis therapy. These results imply that JNK inhibitors target immune or endometrial cell function at the site of inflammation rather than immune cells or endometrium at locations distant from the lesion. Cytokines were measured in lysates (per 100 mg protein) prepared from endometriotic foci or unaffected sites (contralateral horn) for each animal; n ¼ 3 samples/rat/group; *P < .05 and **P < .01, analysis of variance (ANOVA) followed by Tukey test. Bentamapimod ¼ AS602801.
Consistent with reductions of inflammatory cytokines in the endometriotic foci, bentamapimod increased the levels of TUNEL staining within lesions and reduced the number of CD45-stained cells in lesions. These results imply that elimination of a subpopulation of immune cells is an essential component of lesion regression by bentamapimod. However, it is still unresolved which specific immune cell types are modulated by bentamapimod. Women with endometriosis had reduced numbers of CD4þ and CD8þ cells and greater number of apoptotic cells in peritoneal fluid than women without disease, 46 and we also observed reductions of CD45 immune cells at the endometriotic lesion. Rats treated with Antide showed stromal compaction, and decreases in epithelial cell height, consistent with ER deprivation. This observation in rats is consistent with the known effects of GnRH agonists or antagonists in the clinical management of endometriosis. These ER-deprived features were absent in rats receiving bentamapimod and confirm our observations on lack of ER interference in the nude mouse model.
In contrast to the earlier study in rat endometriosis, 36 where Antide and TBP-1 showed no effect on NK cell activity, bentamapimod was able to reverse the effect of decreased NK cell cytotoxicity in endometriotic animals similar to earlier reports in mice 47 and human. 48 Reduced NK cell activity was observed in women with endometriosis. 49, 50 These results support the unique feature of bentamapimod: separation of immune cell pharmacology from endocrine function. In a parallel manuscript submission (Hussein et al, unpublished data), bentamapimod demonstrated significant reduction in all lesions and red lesions in the presence or absence of MPA, to a similar extent as Cetrotide in an induced endometriosis model in baboons.
The present work demonstrated 3 unique therapeutic benefits of JNK inhibition on endometriosis treatments compared to hormonal therapies. First, bentamapimod restored the ability of progestin (MPA) to cause regression of human ectopic endometrial cells, which would include eventual apoptosis of endometrial cells upon progestin withdrawal. Addition of bentamapimod restored the effects of MPA to suppress MMP-3 production in vitro. Second, bentamapimod therapy interrupted inflammatory cytokine production at the site of the lesion, without affecting production of cytokines at sites distal from the lesion. Third, bentamapimod therapy was independent from significant impact on the endocrine axis. The evaluation of bentamapimod in a baboon model of endometriosis confirms suppression of disease to an extent similar to that of a GnRH antagonist without impact on ovarian function (Hussein et al, 2015, unpublished data). These 2 companion reports encourage evaluation of therapies that interrupt inflammatory pathways such as the c-Jun N-terminal kinase. Further efforts are needed to demonstrate that JNK inhibitors ameliorate PR resistance in this disease.
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